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r responsibility ofAbstract The effect of B2O3 addition on the aqueous tape casting, sintering, microstructure and
microwave dielectric properties of Li2O–Nb2O5–TiO2 ceramics has been investigated. The tape casting
slurries exhibit a typical shear-thinning behavior without thixotropy, but the addition of B2O3 increases
the viscosity of the slurries signiﬁcantly. It was found that doping of B2O3 can decrease the tensile
strength, strain to failure and density of the green tapes. The sintering temperature could be lowed
down to 900 1C with the addition of 2 wt% B2O3 due to the liquid phase effect. No secondary phase is
observed. The addition of B2O3 does not induce much degradation on the microwave dielectric
properties. Optimum microwave dielectric properties of er¼67, Q f¼6560 GHz are obtained for
Li2O–Nb2O5–TiO2 ceramics containing 2 wt% B2O3 sintered at 900 1C. It represents that the ceramics
could be promising for multilayer low-temperature co-ﬁred ceramics (LTCC) application.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Recently, the wireless communication systems such as cellular
phones, direct broadcasting satellite and the global positioningesearch Society. Production and ho
.007
85071276;
ail.com (S. Li).
Chinese Materials Researchsystem have been developed. Moreover, low temperature
co-ﬁred ceramics (LTCC) is ﬁnding increased usage as an
interconnect substrate, especially in microwave applications.
LTCC multilayer devices consist of alternating microwave
dielectric ceramics and internal metallic electrode layers such
as Ag, which melting temperature is about 960 1C [1–3].
Therefore, for the fabrication of multilayer devices, it is
necessary to develop microwave dielectric ceramics with a
low sintering temperature, which can be co-ﬁred with Ag.
Recent studies have demonstrated that Li2O–Nb2O5–TiO2
ceramics system exhibited excellent microwave dielectric prop-
erties (er¼68, a tunable tf, Q f¼9000 GHz), and is promis-
ing candidates for use in wireless communication systems
[4–7]. However, it is not easy to apply this ceramic for thesting by Elsevier B.V. All rights reserved.
Effect of B2O3 on the aqueous tape casting and microwave properties of Li2O–Nb2O5–TiO2 ceramics 153application of LTCC process since the sintering temperature
(1150 1C) is relatively high. Therefore, the addition of sintering
aids such as low-melting point oxides and/or glasses is
required to reduce the sintering temperature. Several kinds
of low-melting point sintering aids have been investigated to
reduce the sintering temperature of microwave dielectric
materials effectively [8–10]. Typically, B2O3 is the well-
known liquid phase sintering promoter [11–15]. In the present
work, the effect of B2O3 addition on the aqueous tape casting
and microwave properties of Li2O–Nb2O5–TiO2 ceramics has
been investigated.
Tape casting process is the best method for creating large,
thin and ﬂat ceramic or metallic parts. In recent years, there is
a trend to move away from traditionally solvent-based tape
casting towards water-based systems due to the environmental
and health aspects. However, in comparison with non-aqueous
tape casting slurries, aqueous tape casting systems have a
smaller tolerance to minor changes in processing parameters
[16–19]. Therefore, it is important to understand and control
the effects of the composition on the rheology of the aqueous
slurries.
In this work, we discuss the effect of B2O3 on the
rheological properties of the aqueous tape casting 1.72Li2O–
Nb2O5–1.44TiO2 (LNT) ceramics slurries. The inﬂuences of
B2O3 additions on the sintering temperature, microstructure,
green density, and microwave dielectric properties of low-ﬁred
LNT ceramics have also been investigated.2. Experimental procedure
Reagent-grade raw materials of Li2CO3, Nb2O5, TiO2 with
purities higher than 99% were used as starting materials.
These powders were weighted according to the mol ratio of
Li2CO3:Nb2O5:TiO2¼1.72:1:1.4, and then ground in ethanol
for 12 h in a balling mill with ZrO2 balls. The mixtures were
dried and calcined at 750 1C for 3 h. The calcined powders
were mixed with different amounts of B2O3 additions and
re-milled for 4 h. The milled powders were then tape casted to
form green tapes.
Table 1 lists the optimal composition of tape casting
slurries. In aqueous tape casting process, an aqueous emulsion
(WB4101) with solid content 50 wt% was used as binder.
A commercial ammonium polyacrylate (NH4 PA) solution
with molecular weight of 5000 g/mol was choosing as dis-
persant. Rheological measurements of the slurries were per-
formed using a rotating cylinder viscometer (Haake VT550,
Germany) at 25 1C. The slurries were cast on a glass plate
using a tape casting machine. The tapes were then dried in anTable 1 Slurry formulation of aqueous tape casting LNT
ceramics.
Materials Function Content (wt%)
LNT Ceramic powders 50, 49, 48, 47
B2O3 Sintering aid 0, 1, 2, 3
Water Solvent 29
NH4 PA Dispersant 0.8
WB4101 Binder 15
PL001 Plasticizer 5
DF001 Defoamer 0.2oven at 60 1C for 4 h. The tapes were weighted and measured
to determine the green density. To obtain the tensile strength
and strain-to-failure values, the tapes were measured using an
Instron universal testing instrument (AG-1 Instron tensile
tester, Japan) at a constant load speed of 2.5 mm/min.
The green tapes with silver electrode were stacked and pressed
to prepare multilayer structure ceramic sheets. The sheets were
heated up to 500 1C at a heating rate of 1 1C/min to burn out
organic additives. It was then heated up at 5 1C/min to the
sintering temperature of 850–1150 1C and held for 2 h. The
densities of the sintered tapes were measured using the Archi-
medes principle. The crystalline phases were analyzed on a
Rigaku D/max-RA diffractometer using CuKa radiation. Scan-
ning electron microscopy (Hitachi S-570, Japan) was used to
examine the microstructures of both the green and sintered tapes.
Microwave dielectric constants er and the quality values Q f
were measured at 1.5–2.5 GHz by Hakki–Coleman dielectric
resonator method using an Agilent 8719 ET (50 MHz–13.5 GHz)
Network Analyzer.3. Results and discussion
3.1. Rheological properties
The ﬂow curves of LNT aqueous tape casting slurries with
different B2O3 contents are shown in Fig. 1. As it can be
observed from Fig. 1(a), a shear thinning effect is found in all
cases, indicating that the slurries are not fully deﬂocculated.
Therefore, there is a net attractive inter-particle force that
gives rise to the formation of three-dimensional networks of
particles. It is necessary to break these networks in order to
release the liquid inside the aggregates and let the suspension
began to ﬂow. The shear thinning behavior is desired for the
tape casting process. This enables structure decomposition
when the slurry passes under the blade and its level out, and
the structure regeneration after padding the blade, avoiding
particles sedimentation and unwanted post-casting ﬂows [20].
As the concentration of B2O3 increases, slurries viscosity
increases dramatically. It is believed that the increasing trend
of viscosity is caused by the formation of B(OH)4
, which is
generated by the dissolution of B2O3 in the aqueous solution.
Moreover, it can be seen from Fig. 1(b) that no thixotropic
hysteresis cycle is found in all cases over the applied shear-rate
since the increasing and decreasing shear stress curves coincide
fairly well.3.2. Characterization of green tapes
Fig. 2 shows the tensile strength and the strain to failure
values of green tapes, respectively, as a function of the B2O3
content. It can be seen that the strength and the strain to
failure of the green tapes decreased sharply with amount of
B2O3. The tensile strength was 1.73 MPa for undoped tape,
and in the range of 1.47–0.75 MPa for 1–3 wt% B2O3. This is
mainly due to the non-homogeneous structures in the aqueous
slurries with high viscosity. Obviously, B2O3 addition played
an important role in the mechanical properties of the aqueous
green tape. However, these mechanical properties produced
sufﬁcient handling of the green tapes for further processing
such as binder burnout and sintering stages.
Fig. 1 Rheological properties of the slurries with different B2O3
contents: (a) shear rate vs. viscosity curves; (b) shear rate vs. shear
stress curves.
Fig. 2 Tensile strength and strain to failure of green tapes as a
function of the B2O3 content.
Fig. 3 Green density of LNT tapes as a function of the B2O3
content.
Fig. 4 X-ray diffraction patterns of (a) the undoped LNT
ceramic sintered at 1100 1C, and the ceramics sintered at 900 1C
with (b) 1 wt%, (c) 2 wt%, and (d) 3 wt% B2O3 addition.
S. Li et al.154Fig. 3 shows the green density of the tapes versus the B2O3
content. A linear correlation between the green density and the
B2O3 content was found. Here, the increased of B2O3 content
seems to lower the particle dispersion and increase the
viscosity of the slurries, resulting in lower green density.3.3. Phase and microstructures
The X-ray diffraction patterns of the samples with different
amounts of B2O3 additive are shown in Fig. 4, where the
undoped ceramic was sintered at 1100 1C, and the B2O3-doped
ceramics were sintered at 900 1C. It is observed that all the
compounds exhibited a single LNT phase, and no secondary
phases could be detected because of its low mass fraction.
Compared with the theoretic XRD pattern of the LNT
structure, there was a peak shift to lower 2y angles for the
B2O3-doped ceramics.
Fig. 5 shows the SEM microstructure of the green tapes
obtained from 2 wt%-B2O3-doped LNT ceramics. A ﬁne
microstructure with extremely small pores distributed homo-
genously was found in the green body. The average particle
size was 0.5–1 mm. There is no apparent agglomerate in the
tape. It can be seen that a uniformly green density was
achieved by the aqueous tape-casting process.
The SEM micrographs of LNT tapes doped with different
amounts of B2O3 additions sintered at different temperatures
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easily observed (Fig. 6(a)), even sintering at 1100 1C. The
grains are plate-like which a typical feature of LNT is. For
LNT tapes with 2 wt% B2O3 addition, the homogeneously
ﬁne microstructures with almost no pores are observed in
Fig. 6(b). However, further increasing the amount of B2O3
addition, such as 3 wt%-B2O3-doped LNT tape, some pores
appear again due to the evaporation of liquid phase illustrated
in Fig. 6(c).3.4. Densiﬁcation and microwave dielectric properties
Fig. 7 shows the bulk density of the LNT tapes with various
amounts of B2O3 additions as a function of the sintering
temperature. It can be seen that the densities of the B2O3-
doped LNT ceramic tapes increase steady with increasing
sintering temperature, after reaching a maximum at 900–
950 1C, then decreased slightly. The ceramic with 1 wt%
B2O3 addition can be sintered to the density of 4.26 g/cm
3 at
950 1C. When the B2O3 content increased to 2 wt%, the
ceramic tapes could reach the densities of 4.3 g/cm3 at
950 1C. The results show that B2O3 is effective in enhancing
the sintering ability of the LNT ceramic. However, the bulk
densities of LNT tapes decreased when the amount of B2O3
additions up to 3 wt%. It indicated that large amount of B2O3
additions is not needed.
The microwave dielectric properties of the tapes sintered at
900 1C with different B2O3 content are illustrated in Table 2.
The relationship between the er values and B2O3 doped
contents presents a trend similar to that between densities
and B2O3 contents. Owing to the higher densities, the er valuesFig. 5 SEM image of the LNT green tapes.
Fig. 6 SEM micrographs of the LNT tapes with: (a) 0 wt% B2O3 add
sintered at 900 1C.of the B2O3-doped LNT tapes are higher than the un-doped
tape. Furthermore, for LNT ceramics with 1–3 wt% additions
of B2O3, the er values increased with B2O3 addition and then
decreased.
Density plays an important role in controlling the dielectric
loss and has been shown for other microwave dielectric
materials. With increasing B2O3 contents from 0 to 2 wt%,
the Q f value was found to increase, which was consistent
with the variation of density. The increases in Q f values
were attributed to the increases in densities and grain growth.
However, the Q f value was decreased with further increase
B2O3 contents to 3 wt%. It has been reported that the
microwave dielectric loss is mainly caused not only by the
lattice vibrational modes but also by the pores and the grain
morphology. The abnormal grain growth was reduce the
quality factor of microwave dielectric ceramics with more
than 90% relative density. Maximum er and Q f values
measured were about 67 and 6560 GHz for 2 wt% B2O3-
doped ceramics.itions sintered at 1100 1C, (b) 2 wt% and (c) 3 wt% B2O3 additions
Fig. 7 Bulk densities of LNT tapes with different amounts of
B2O3 additions as a function of sintering temperature.
Table 2 Microwave dielectric properties of the LNT
tapes sintered at 900 1C with different B2O3 contents.
Item B2O3 contents
0 wt% 1 wt% 2 wt% 3 wt%
er 41 58 67 61
Q f (GHz) 3200 6170 6560 6220
S. Li et al.1564. Conclusions
In this study, the effects of B2O3 addition on the aqueous tape
casting and microwave dielectric properties of Li2O–Nb2O5–
TiO2 ceramics were investigated. A typical shear-thinning with
no time dependent behavior of the slurries were observed,
which is desirable in tape casting process. However, the
addition of B2O3 increased the viscosity of the slurries sharply.
The tensile strength, strain to failure and density of the green
tapes decreased with B2O3 content. Aqueous casting LNT
tapes with proper B2O3 content can be sintered at 900 1C. The
microwave dielectric properties are found to strongly correlate
with the amount of B2O3 addition. At 900 1C, 2 wt% B2O3-
doped LNT tapes gave excellent microwave dielectric proper-
ties: er¼67, Q f¼6560 GHz. This results show that Li2O–
Nb2O5–TiO2 dielectric ceramic is a good candidate for LTCC
application.
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